An approach to the theory of the acceptor ground state in cubic semiconductors is presented. The model has been developed within the framework of the four-band effective Luttinger Hamiltonian and is applicable for both Coulomb and non-Coulomb acceptors. The system of integral equations for the ground-state wave functions has been derived and its solution has been numerically computed. We present the general form of the acceptor-ground-state wave function. The wave functions for a set of acceptor dopants in GaAs are calculated with an accuracy of 2%. The obtained wave functions have been used for qualitative and quantitative analysis of the hot photoluminescence ͑HPL͒ spectra and linear polarization in GaAs crystals. Analytical expressions for the line shape and anisotropy of the linear polarization degree have been derived. The dependencies of the HPL characteristics on the excitation energy as well as on the acceptor binding energy have been analyzed. The HPL theory presented allows us to describe the wide spectrum of available experimental data.
I. INTRODUCTION
Investigation of hot photoluminescence ͑HPL͒ is important for understanding the behavior of hot charge carriers the energy of which is many times higher than thermal kinetic energy. [1] [2] [3] [4] [5] [6] [7] [8] [9] In recent years the HPL lineshape, dependencies of HPL polarization characteristics on excitation energy, and depolarization of HPL in magnetic field have been studied in order to determine the times of energy and momentum relaxation for hot carriers, 3, [6] [7] [8] the position of energy bands, 8, 9 the effect of the higher energy band states on the selection rules of optical transitions, 4, 5 and so on. At low temperatures HPL is mostly determined by the recombination of photoexcited carriers ͑electrons or holes͒ with the intrinsic carriers localized at impurity centers. Matrix element of such optical transition is determined by Fourier image of the impurity state wave function at the spatial frequency corresponding to the carrier wave vector k. Thus, one has to know the wave function of the localized carriers in the momentum representation for the theoretical description of the available experimental data and the evaluation of hot carriers parameters.
The relatively simple case of a donor center in diamondlike semiconductors is well studied for Coulomb binding potential 10 as well as for a more complicated potential given by a sum of the Coulomb term and a short-range potential. 11 A similar calculation for the localized hole meets essential difficulties resulting from the complexity of the valence band structure and cubic symmetry of the crystal lattice. 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] That is why up to the present time the HPL characteristics in p-type A 3 B 5 semiconductors have been calculated only on the basis of simplified models of the acceptor ground state. 2, [4] [5] [6] 8, 17, 21 A theoretical description of the HPL at high excitation energies was performed in Refs. 2,4,5 by using the asymptotic expressions for an acceptor wave function. Such an approximation is valid when the electron wavelength is many times smaller than the Bohr radius of the heavy hole at the acceptor level (Ӷa B ). This condition takes place only for very high electron energies corresponding to excitation energies higher than that studied in the known experiments.
At considerably smaller excitation energies the wavelength of a hot electron is of the order of a heavy hole Bohr radius (уa B ). The acceptor wave functions for corresponding wave vector values were calculated numerically for a Coulomb 18 and a non-Coulomb acceptor 15, 17 in spherical approximation. The implementation of the spherical acceptor functions limits the application of the results to the description of experimental data on the linear polarization anisotropy of the HPL. In particular, it does not clarify the question of how the acceptor-ground-state anisotropy influences the HPL polarization characteristics.
Unexpected results were obtained in Refs. [6] [7] [8] . The authors of these papers apply the simplest hydrogenlike model in the effective mass approximation for the description of the HPL intensity spectra and the determination of the electron intra-and intervalley scattering times in GaAs. It turns out that the simple hydrogenlike wave function describes the experimental data obtained in Refs. 6,8 better than the spherical wave function which has been numerically calculated for GaAs:Zn in Refs. 15, 17 . The inadequacy of the matrix elements calculated by Dymnikov, Perel, and Polupanov 17 for describing the data from Refs. 6,8 might have resulted from the neglect of a cubic symmetry of the crystal lattice. Besides, these functions were calculated for Zn-acceptor whereas the experiment was carried out for GaAs:Be. However, in the present paper we show that the hydrogenlike model does not provide good agreement with experimental data if the effect of the absorption of the luminescence radiation in the sample is taken into account.
It follows from the brief review of experimental and theoretical papers presented above that for quantitative description of the HPL in diamondlike semiconductors one has to know accurate acceptor wave functions in the wide range of the wave vectors. The warping of the valence band and the deviation of binding potential from the Coulomb form are essential for such a description.
Recently a method of calculation of a Coulomb 19 and a non-Coulomb 20 acceptor ground state wave function ⌿ was reported. Its main advantage is that a simple analytical dependence of the wave function on the direction of wave vector k with respect to the crystallographic axes has been obtained for all wave vector values. Therefore, the wave functions can be applied for a qualitative description and quantitative analysis of the HPL characteristics in a considerably wide range of excitation energies. Analytical expressions for the HPL line shape, linear polarization degree, and its anisotropy in cubic semiconductors were derived in Ref. 21 . These expressions contain numerical coefficients which depend on the acceptor-ground-state wave function. The Coulomb acceptor functions, numerically calculated in Ref. 19 , were used to study the dependencies of the HPL characteristics on the excitation energy ប exc in GaAs crystals. 21 In this paper we present a complete theory of both the Coulomb and the non-Coulomb acceptor ground state in diamondlike semiconductors with large spin-orbit coupling. The theory is applied for the studying of the hot photoluminescence characteristics.
The paper is organized as follows. In Sec. II the model of the acceptor ground state is described. The model takes into account the complex structure of the valence band of cubic semiconductors as well as a deviation of an impurity potential from Coulomb form. A general form of the acceptorground-state wave function ⌿ is found on the basis of the model. The system of integral equations for the wave function is derived in momentum representation. In Sec. III the method of numerical solution of the system is described. The results of numerical calculations of the acceptor-ground-state wave functions and acceptor eigenenergies ͑for Coulomb acceptors͒ for different semiconductors and acceptors are presented and discussed. In Sec. IV the general analytical expressions for matrix elements of optical transition in cubic semiconductors are derived. In Sec. V the HPL characteristics in GaAs crystals are calculated and compared with available experimental and theoretical data. The brief summary of the results obtained is given in Sec. VI.
II. THEORY OF ACCEPTOR GROUND STATE IN CUBIC SEMICONDUCTORS
In this section we consider the model of the acceptor ground state in diamondlike semiconductor with a large value of spin-orbit splitting. The binding potential is presented as the sum of a Coulomb potential and a short-range one. The cubic symmetry of the crystal lattice is taken into account.
The Schrödinger equation for a hole bound to an acceptor impurity can be written in a momentum representation as follows:
where Ĥ L (k) is the four-band Luttinger Hamiltonian, 22 E a is a binding energy, ⌿(k) and V(k) are Fourier images of the wave function ⌿(r) and short-range potential V(r):
⌿(k) is a four-component column written in the basis of Bloch functions of the valence band top u (ϭϮ3/2, Ϯ1/2). The second term on the left side of Eq. ͑1͒ describes the Coulomb attraction of a hole to an acceptor core. The third one describes the action of non-Coulomb part of the potential.
The ground state of an acceptor in cubic semiconductors is fourfold degenerate and has the symmetry of the top of the valence band. 10 The wave function for the four sublevels can be found in the form
where the operator P (k) is invariant under transformations of the cubic symmetry of the crystal. We will seek the operator P in the following general form ͑the error of this approximation will be estimated later͒:
where f h,l (k) are some cubic symmetric functions depending only on wave vector k. The operators ⌳ l,h are the projection operators on the light-and heavy-hole subband states with dispersion laws E l,h :
where ␥ 1 , ␥ 2 , and ␥ 3 are Luttinger parameters 22 and vϭ(␥ 3 2 Ϫ␥ 2 2 )/␥ 2 2 is the warping parameter of the valence band.
The cubic symmetric function ␣(k) plays an important role in the further analysis of the dependencies of the functions f h,l on the wave vector direction and for the analytical description of hot photoluminescence. This function depends only on the k orientation with respect to crystallographic axes and takes the value between the unit for k parallel to ͓001͔-direction and ͱ1ϩvϭ␥ 3 /␥ 2 for k parallel to the
The square modules of the functions f h 2 (k) and f l 2 (k) present the distribution of the bound hole state over the states of free holes in the valence band. For the wave function ⌿ in the form ͑3, 4͒ the normalization condition gives ͓the crystal volume is (2 ) 3 ͔:
Let us substitute the function ⌿ in the form ͑3, 4͒ into the Schrödinger equation ͑1͒. The explicit form of a nonCoulomb part of the acceptor binding potential is unknown. Assuming the short-range potential V(r) to have the symmetry of the crystal cell and the potential radius r 0 to be considerably less than the acceptor-ground-state radius r a ͑so that the value kr 0 Ӷ1), one can rewrite the non-Coulomb integral term in the following way:
where Î is a unit matrix and A is some constant. It is readily seen that both operator Ĥ L (k) P(k) and nonCoulomb integral term ͑9͒ can be exactly expanded in terms of ⌳ h,l (k). Thus the error of approximation ͑4͒ arises only due to the fact that the Coulomb integral operator ͐d 3 q/(kϪq) 2 P(q) has no precise expansion in terms of
The error of such an expansion was shown to be about 2%. 19 ͓It is noteworthy that in the framework of spherical approximation the solution ͑4͒ is the exact one.͔ Operating on Eq. ͑1͒ by the projection operators ͑5͒ one can obtain the system of equations for the functions f h (k) and f l (k) with an accuracy of 2% ͑the detailed description of this procedure can be found in Ref. 20͒:
͑10͒
where
, is an angle between k and q, and P 2 is the Legendre polynomial.
The system ͑10͒ describes the ground state of a hole bound at an acceptor center in a fourfold degenerate valence band of the ⌫ 8 type. The warping of the isoenergy surfaces as well as the deviation of the acceptor binding potential from Coulomb form are taken into account.
The shallow acceptor state can be described in the framework of the Coulomb model by homogeneous system resulting from ͑10͒ with constant Aϵ0. Its solution gives the eigenenergy E a Coulomb and eigenfunction of the Coulomb acceptor. The deep acceptor states with E a ӷE a Coulomb can be described by the implementation of a short-range potential model. 23 Then the Coulomb integral terms in system ͑10͒ are neglected. In this case the wave functions of the acceptor state with a given binding energy can be obtained in an analytical form:
where the constant AϭA(E a ) comes from the normalization condition ͑8͒.
The complete solution of the system ͑10͒ gives the acceptor-ground-state wave functions f h,l (k) in all range of the directions and values of the wave vector. It can be easily seen from ͑10͒ that the contribution from heavy-and lighthole states are equal at small k values:
They are different from those known for Coulomb acceptor:
In the following we use dimensionless units and functions:
Here m h 0 is heavy-hole ͑HH͒ mass in the spherical approximation, E B is HH Bohr energy, and a B is HH Bohr radius. For the new functions and units the system takes the form
As it has been mentioned above the non-Coulomb part of the potential and then the constant A is unknown. We assume that the real acceptor binding energy E a is known from the experiment and use it as the given parameter in order to obtain the acceptor-ground-state wave functions. Let us seek the real acceptor functions in the form g 1,2 ϭÃg 1,2 , where the functions g 1,2 satisfy the system ͑14͒ with constant Ãϭ1 and can be computed numerically. The constant Ã can be calculated by using the normalization condition:
.
͑16͒
So, Ã plays the role of a normalization constant, although it contains information about the short-range potential and differs for different dopants.
III. CALCULATION METHODS AND RESULTS
In this section we present the calculation methods which have been used for solving Eq. ͑14͒ and discuss the obtained results. Since the functions f h,l and then g 1,2 are cubic scalars, they can be expanded into cubic harmonics. 19 This method allows us to derive the dependence of the wave function on wave vector direction analytically, but it converges slowly at large values of p. We will combine the method of expansion into cubic harmonics together with a fast convergent iteration method in a order to get an accurate solution in a wide range of the wave vector values.
Presenting the system ͑14͒ in the operator form
where Ĝ is the operator of the left part of ͑14͒, K is the integral operator from ͑14͒, we derive the iteration expression for the functions gϭg/Ã:
where n is the number of iteration. Let us seek the zerothorder approximation g (0) in the form of the expansion into cubic harmonics up to the harmonic of the fourth order:
where Y lm (⍀ p ) are spherical harmonics. The functions g 1,2
0,4 (p) depend only on wave vector module and are the solutions of the following system:
where P 2 is Legendre polynomial, and Q l are Legendre functions of the second type. This system is self-consistent and can be solved numerically. Calculating the constant Ã with the help of ͑16͒ one can obtain the normalized zerothorder approximation of the wave function. Our analysis shows that the error of this approximation grows with p. It is less than 2% in the region pр p c ϳͱ, and is about 10% for pӷp c . On the other hand, the integral values such as the normalization constant Ã or eigenenergies of Coulomb acceptor can be calculated with an accuracy of about 2% in the zeroth-order approximation. As a matter of fact the region of the maximum error makes a small contribution to the corresponding integrals as the absolute value of the wave function is very small.
To get a more accurate solution for the wave function let us make the first iteration according to Eq. ͑18͒. The system ͑21͒ can be conveniently written in the operator form:
The error connected with the expansion of the term K g
into cubic harmonics T 0 and T 4 appeared to be less than 2%. This makes it possible to simplify the expression for the first-order approximation. If one puts K g (0) ϭK 0 g (0) and
into ͑18͒ a very simple expression for the first-order approximation can be obtained:
The accuracy of this approximation is about 2% for all directions and values of p. There is no need to continue the iterations because the error connected with the influence of the split-off band usually exceeds several percent. Thus, we obtained the solution of system ͑10͒ for the acceptor-ground-state wave function with an accuracy of 2%. The dependence of the wave functions f h,l on the wave vector direction is derived analytically and can be expressed in terms of T 0 (k), T 4 (k), and ␣(k). It is noteworthy that the function ␣ 2 (k) can be expressed in terms of cubic harmonics T 0 and T 4 exactly:
It allows us to conclude that the cubic anisotropy of the functions f h,l (k) is defined by the anisotropy of the valence band also with an accuracy of a 2%:
͑27͒
This fact appears to be very helpful in deriving the expressions for matrix elements of optical transitions. Table I that in the cases of Ge, InSb, and GaAs the model of Coulomb acceptor provides good agreement for shallow acceptors ͑such as Ge:B, InSb:Ge, GaAs:C, GaAs:Be͒. In the cases of InP and GaP the discrepancy may be due to both the large central cell corrections and the imperfection of the present model that assumes a large spinorbit splitting of the valence band. In the case of GaAs the difference for deeper acceptors ͑Zn, Ge͒ is due to the considerable central cell corrections. The last column of Table I presents the values of the dimensionless constant Ã, calculated from ͑16͒ for the acceptors presented. This parameter contains information on the short-range potential.
The acceptor-ground-state distribution functions f h,l 2 (k) for the Coulomb acceptor ͑upper set͒ and the non-Coulomb Zn acceptor ͑lower set͒ in GaAs are displayed in Fig. 1 . Pairs of solid lines in each set correspond to f h 2 (k) ͑upper curve in the pair͒ and f l 2 (k) ͑lower curve in the pair͒ for the ͓111͔ direction while dashed lines correspond to ͓001͔ direction. The function f h 2 is very anisotropic while f l 2 is nearly spherical. The ratio of the functions f h 2 for directions ͓111͔ and ͓001͔ at kϷa B Ϫ1 is about 2.4. The same ratio of the functions Ϫ1 that is the most important for the description of the HPL process. 
IV. THEORY OF THE HPL IN CUBIC SEMICONDUCTORS
The implementation of the acceptor-ground-state wave functions obtained in the previous section allows us to calculate the components of the fourth-rank tensor Â which gives the most general relationship between polarizations of the exciting light and the recombination luminescence:
where E i ex and E i l are components of the electric field vectors of laser and luminescence, respectively. The angle brackets mean a time average. One has to know the tensor Â components for a theoretical description of the line shape ͑the dependence of the total detected intensity I on HPL energy ប lum ) and HPL polarization characteristics. In cubic crystal only four components of the tensor Â are linearly independent. They are A iiii ϭA 11 , A ii j j ϭA 12 , A i ji j ϭA 44 , and A i j ji ϭA 47 , where i, jϭx,y,z and i j. All other components are equal to zero.
If totally polarized exciting light and detected radiation propagate along the ͓001͔ direction the degree of linear polarization l has the form:
where I ʈ and I Ќ are the luminescence intensities polarized parallel and perpendicular to the polarization vector e exc of the exciting light, and is the angle between e exc and ͓100͔. The coefficients a, c, and d can be derived from components of the tensor Â : aϭA 11 ϩA 12 , cϭA 44 ϩA 47 , and dϭA 11 ϪA 12 . The value ϭ 45 / 0 ϭ(/4)/(0) ϭd/c characterizes the anisotropy of the HPL linear polarization.
The process of hot photoluminescence consists of two steps. At the first step an electron transits from valence band to conduction band, and at the second the electron recombines optically with a hole bound to an acceptor center. If the electron is not scattered by phonons, the final wave vector is equal to the initial one. In this case one can derive the components of the tensor Â in the form
where the tensor Â (k) characterizes the recombination of electron at wave vector k, E g is the band gap, E a is the acceptor binding energy, E c (k)ϭប 2 k 2 /2m e is the electron energy in the conduction band with effective mass m e , E h,l (k) is the energy of a heavy or light hole in the valence band ͑6͒. Indexes h and l correspond to excitation from the heavy-and light-hole subbands, respectively. Integration is carried out over all directions of the wave vector k.
Integral ͑30͒ with integrand A kn (Ĝ k), where Ĝ is the arbitrary transformation of the point group of the crystal lattice is equal to the integral with integrand A kn (k) due to the cubic invariance of the tensor Â in cubic semiconductors. It can be easily seen that values Ā kn (k)ϭ⌺A kn (Ĝ k)/N, where the summation is carried out over all N cubic transformations, are cubic scalars in the cubic semiconductors. Thus, the components of the tensor Â can be derived by evaluating the integrals of the form ͑30͒ with the cubic invariant integrand Ā kn (k), which is more convenient.
Using the general form of the acceptor-ground-state wave functions ͑3͒, ͑4͒ found in Sec. II we can derive components of the tensor Â (k By substituting these functions into ͑30͒ we find the quantities a, c, and d. In expressions ͑31͒ all cubic scalar coefficients are expressed in terms of the function ␣(k). The plus and minus signs correspond to the excitation from the heavyhole and light-hole subband, respectively. Hereinafter we concentrate on describing the first nonphonon peak in the HPL spectra that corresponds to the excitation from the heavy-hole subband. The high-frequency edge lum max and the low-frequency edge lum min of this peak are associated with the recombination of electrons with k parallel to the ͓111͔ and ͓100͔ directions, respectively. The width of HPL line ⌬ប lum depends on the excitation energy. 4 It is clear that for a fixed excitation energy ប exc the nonzero contributions to the integral ͑30͒ at the luminescence energy ប lum come only from those directions and magnitudes of the wave vector k which lie at the intersection of the excitation surface ⍀ exc defined by the equation . Thus, the modulus of the wave vector and the function ␣(k) take the definite values at the integration contour. 26 It has been shown in Sec. III that in our model the distribution functions f h,l (k) depend only on the modulus of the wave vector k and the function ␣(k) with an accuracy of 2%. In this case integrands ͑31͒ remain constant along the integration contour and can be factored out from the integral. So, an integral of type ͑30͒ can be simplified:
where ␣ exc ϭ␥ 1 /2␥ 2 Ϫ͓(ប exc ϪE g )/(ប lum ϪE g ϩE a ) Ϫ1͔m 0 /2␥ 2 m e , and function W is the density of states integrated over the contour:
͑34͒
Here the function G(t) is the intersection of the line segment ͓0;1͔ with the region in which the integrand is defined. The value of the parameter t exc varies from zero at the lowfrequency edge ( lum ϭ lum min ) to unity at the high-frequency edge ( lum ϭ lum max ). The function T is independent of excitation energy as well as of semiconductor parameters. Its main features are as follows ͑see solid curve at The HPL intensity spectrum IϭI ʈ ϩI Ќ ϰa and the difference spectra I [100] Ϫ ϭI ʈ ϪI Ќ ϰd (e exc ʈ͓100͔) and
Ϫ ϭI ʈ ϪI Ќ ϰc (e exc ʈ͓110͔) are determined by expressions ͑31-33͒. The HPL line shape depends on excitation energy, acceptor binding energy, and semiconductor parameters, but its main features are determined by the function T(t exc ): the low-and high-frequency edges are characterized by steps of different height while the point t exc ϭ3/4 is characterized by the divergence of the spectra. Maxima of the spectra correspond, in particular, to the recombination of electrons with k parallel to ͓011͔ direction. It is noteworthy that no such spectral features are observed in reality due to spectra broadening caused by different mechanisms such as the finite hot electron lifetime or acceptor-ground-state energy level broadening. These mechanisms lead to a smoothing of the spectra singularities and to a shift of the spectra maximums. Expressions for the HPL polarization follow from ͑31,32͒:
here the function ␤ 0 (k 0 ) characterizes the difference between the relative contributions of the heavy-and light-hole states to the acceptor-ground-state wave function. One can see from ͑35͒ that linear polarization degree 0 vanishes at the high-frequency edge (t exc ϭ1), while 45 vanishes at the low-frequency edge (t exc ϭ0). The dependencies of the degree of linear polarization on the excitation energy and acceptor binding energy are determined by the function ␤ 0 .
FIG. 3. The function T(t)
which determines the main features of the HPL line ͑solid curve͒ and the distribution of the linear polarization anisotropy over the HPL line (t) divided by (1ϩv) ͑dashed curve͒.
We point out here that for the wave vectors involved to the HPL process ͑e.g., kу0.6a B Ϫ1 for GaAs͒ the contribution from the light-hole states to the shallow acceptor wave function is small. In the case
is nearly isotropic. Consequently the degree of HPL linear polarization weakly depends on the cubic anisotropy of acceptor distribution functions f l,h 2 (k) and can be calculated to within a 5% error by using the spherical distribution functions. This fact was demonstrated for high excitation energies in Ref. 4 by numerical calculations carried out with asymptotic anisotropic and isotropic distribution functions.
On the other hand, the value of the function ␤ 0 (k) for shallow acceptors deviates from its asymptotic value
by less than 5% when the contribution from light-hole states is small. It is noteworthy that the asymptotic function ␤ ϱ has the same form in any model of the acceptor impurity potential and does not depend on the module of wave vector k. For this reason any type of distribution function is applicable for evaluating the linear polarization degree to within a 5% error at high excitation energies. Using the asymptotic function ␤ ϱ (k) in expressions ͑35͒ one can calculate the asymptotic value of the HPL linear polarization degree analytically. Ϫ varies over the luminescence line from zero at the low-frequency edge of the HPL peak to infinity at the high-frequency edge and depends only on the valence band warping parameter v:
Dashed curve at Fig. 3 presents the function (t)/(1ϩv) which does not depend on the semiconductor parameters. We emphasize that depends neither on excitation energy nor on the acceptor distribution functions. The anisotropy of the linear polarization appears only due to the valence band warping and its value contains no information about the anisotropy of the acceptor-ground-state distribution functions. The account of broadening mechanisms leads only to a weak dependence of on the excitation energy and the acceptor binding energy. The essential features of the HPL spectrum, described above, are universal for diamond-like semiconductors with a large value of spin-orbit splitting. At high excitation energies the effect of the spin-orbit split-off band cannot be neglected and leads to qualitative changes in the spectra features as well as to a considerable increase of the linear polarization anisotropy. 4, 5 
V. THE HPL CHARACTERISTICS FOR GAAS
The HPL linear polarization and its anisotropy were experimentally studied in Refs. 4,5 for two excitation energies ប exc ϭ1.65 and 1.92 eV. 4, 5 The experiment was carried out for GaAs crystal doped with Zn acceptors. The theoretical polarization characteristics of the HPL in GaAs:Zn are presented in Table II together with experimental data. The degrees of linear polarization 0 and 45 and anisotropy parameter are calculated at the HPL line maximum. To obtain a more accurate comparison with the experimental data the corresponding values averaged over the broadening acceptor level have been calculated ͑see the values in angle brackets͒. The acceptor linewidth ͑the full width at half maximum of the acceptor line͒ is taken as ⌬E a ϭ13 meV according to Ref. 5 . The distribution of acceptors over the energy levels are supposed to be Gaussian. The other possible mechanism of the spectrum broadening connected with fluctuations of the band gap width has also been considered, but was found to produce no noticeable corrections to the polarization characteristics. One can see from Table II that the present model   TABLE II provides excellent agreement with the experimental data at excitation energy ប exc ϭ1.65 eV. Table II presents The dependencies of the linear polarization degree 0 and 45 at the HPL spectra maximum on the excitation energy for GaAs:Zn and GaAs:Ge are shown in Fig. 5 . It illustrates also the functions ␤ 0 (k 0 ) for k 0 parallel to the ͓110͔ direction. One can see that the qualitative behavior of the linear polarization degree is determined by the behavior of the function ␤ 0 . For wave vector kϷ0.6a B Ϫ1 ͑it corresponds to ប exc Ϸ1.65 eV͒, the contribution of the light-hole subband states to the shallow acceptor wave function is small. Thus the deviation of ␤ 0 as well as the degree of linear polarization from its asymptotic value is less than 5%. As the excitation energy decreases (ប exc р1.65 eV͒ the contribution of light-hole states to the acceptor wave function increases. That leads to a decrease of the linear polarization degree. At the same time the degree of anisotropy ϭ 45 / 0 remains constant independently of an admixture of the light-hole states. At the line maximum it is equal to ϭ2(ϩ1)ϭ2␥ 3 2 /␥ 2 2 ϭ 3.75 ͑see the parameters of GaAs in Table I͒ . The degree of anisotropy defined by an average over the broadened acceptor line intensities
depends weakly on the excitation energy and the acceptor binding energy. This dependence is more pronounced at low excitation energies, when the acceptor linewidth ⌬E a is of the same order of magnitude as the HPL linewidth ⌬E lum . The anisotropy of the HPL linear polarization degree and its dependence on excitation energy was also experimentally studied in Ref. Ϫ spectrum. The intensity ratio of difference spectra was detected to be about 4 ͑which gives the degree of linear polarization anisotropy͒. This ratio increases up to about 6 as the laser energy increases to 1.7510 eV. In the framework of the present theory the line shapes of the difference spectra are determined by the function T. As a result the spectra have their maxima at the same point determined by the value t exc ϭ3/4. The degree of linear polarization anisotropy varies along the line and is equal to 3.75 at the point of the spectra maximum which is independent of excitation energy. The shift of the difference spectra maxima may appear due to some broadening mechanism. Figure 6 illustrates, for example, the difference spectra calculated for GaAs:C at ប exc ϭ1.5978 eV with acceptor level broadening ⌬E a ϭ5 meV. Such broadening leads to a maxima shift of 2.5 meV corresponding to the data of Ref. 8 . As was mentioned above, the increase of the anisotropy degree is connected with the effect of the spin-orbit split-off band and cannot be described in our model.
The dependence of the integrated intensity of the first HPL peak on the excitation energy was measured and analyzed in Refs. as the laser energy was changed over the region 1.6-2.0 eV. The comparison showed no difference from the experiment to within the Ϯ5% error. 8 Our calculations of the integrated intensity show the difference for shallow acceptors in GaAs less than 10% in good agreement with the experimental data. Such small difference between the curves is due to the fact that the wave functions of different acceptors are very close to each other in the region of wave vectors corresponding to these excitation energies ͑see Fig. 2 at kϳa B  Ϫ1 ). A straightforward calculation shows that for deeper acceptor GaAs:Ge the difference increases.
According to Refs. 6,8 the experimental dependence measured for GaAs:Be can be approximated by the function
where n is the probability that an electron is actually born in the conduction band by the absorption of a photon with energy ប exc , is an electron lifetime which is considered to be independent of excitation energy below the ⌫-L scattering threshold ͑i.e., for ប exc р1.88 eV͒. The acceptor wave function is defined in the hydrogenlike model by
where m a is a hole mass in the effective mass approximation ͑EMA͒ ͓m a ϭ0.31m 0 , E a ϭ27 meV in GaAs ͑Ref. 6͔͒. On the other hand, the alternative expression for ͉M (k)͉, based on spherical acceptor wave functions for GaAs:Zn, numerically calculated by Dymnikov, Perel', and Polupanov, 17 was reported to be in bad agreement with the experimental data. 6, 8 It should be noted that the good agreement of the hydrogenlike EMA model ͑38͒ of the HPL intensity dependence on excitation energy is just an accidental coincidence. As a matter of fact, this dependence is affected by a lot of supplementary factors ͑such as the absorption of the luminescence radiation in the sample, the Coulomb interaction between electrons and holes, 27 the effect of the higher energy band states on the selection rules of optical transitions, 4 ,5 the changing of the absorption depth with excitation energy, and others͒ that were not taken into account in Refs. 6,8. It can be shown by straightforward calculations ͑its description is beyond the scope of this paper͒ that the effect of reabsorption, for instance, plays an important role. This effect reduces the number of detected photons and is essential at high excitation energies when the free path of hot electrons becomes the same order as the absorption depth. Figure 7 presents the dependencies of the integrated HPL intensity on the excitation energy, calculated within the hydrogenlike EMA model ͑solid and dotted curves͒ and our model ͑dashed and dot-dashed curves͒ without ͑solid and dashed curves͒ and with ͑dotted and dot-dashed curves͒ the effect of reabsorption ͑the influence of the Coulomb interaction between a hot electron and a hole on the absorption depth is also taken into account͒. As was indicated in Ref. 6 , the solid curve describes well the experimental data below the intervalley scattering threshold corresponding to 1.88 eV. At the same time the exact calculation for GaAs:Be ͑dashed curve͒ ͑as well as the result of calculations performed with spherical acceptor distribution functions for GaAs:Zn͒ differs significantly. As is evident from Fig. 7 , this situation changes when the effect of the reabsorption is taken into account: the difference between EMA model ͑dotted curve͒ and experiment data ͑in-dicated by a solid curve͒ increases while the exact calculation ͑dot-dashed curve͒ provides a good description at excitation energies 1.7-1.88 eV.
Thus, the proper description of the HPL experimental data demands taking into account a complex structure of the valence band when calculating the acceptor ground state wave functions. The admixture of the light hole states to the acceptor wave function is more essential for the region of low excitation energies, while at high excitation energies the heavy-hole states contribution dominates. As a result one can use the asymptotic distribution functions for evaluating the degree of linear polarization at high excitation energies but not for the description of the HPL spectra. The cubic anisotropy of the acceptor distribution functions is essential for detailed description of the HPL spectra. However, it does not affect the anisotropy of the linear polarization. In the range of wave vectors involved in the HPL process the model of a FIG. 6 . Difference spectra calculated taking into account the acceptor level broadening ⌬E a ϭ5 meV for GaAs:C at ប exc ϭ1.5978 eV.
FIG. 7.
The dependence of the HPL intensity ͑integrated area͒ on the excitation energy for GaAs:Be calculated without ͑solid and dashed curves͒ and with ͑dotted and dot-dashed curves͒ account for the reabsorption effect in the hydrogenlike ͑EMA͒ model ͑solid and dotted curves͒ and the present model ͑dashed and dot-dashed curves͒. All curves are scaled to pass through the same data at ប exc ϭ1.88 eV.
Coulomb acceptor as well as a short-range potential center can provide a good agreement with the experimental data. Thus, the present model is a more general one than the previous models 2, 17, 4, 19 and allows us to describe properly a wide spectrum of the available experimental data. [4] [5] [6] 8 
VI. CONCLUSION
Let us summarize now the main results of the present paper.
͑1͒ We obtained analytically and solved numerically a system of integral equations for the ground-state wave functions of a cubic non-Coulomb acceptor in diamond-like semiconductors. A general form of the acceptor-ground state-wave function has been found and the wave functions for a set of acceptor dopants in GaAs have been calculated with an accuracy of 2%.
͑2͒ The dependence of the acceptor wave functions on the direction of the wave vector k with respect to crystallographic axes has been derived analytically for arbitrary values of k and an acceptor binding energy. It has been shown that the acceptor distribution functions f h,l 2 (k) are cubic scalars and depend with an accuracy of 2% on the value of wave vector modulus k and cubic scalar function ␣(k) which determines the cubic anisotropy of the valence band dispersion E h,l (k).
͑3͒ The analytical theory of the line shape and linear polarization anisotropy of the HPL has been developed. The principal futures of the HPL spectrum are found to be universal for cubic semiconductors with large spin-orbit splitting: ͑A͒ A maximum of the first nonphonon peak, resulting from excitation from the heavy-hole subband, corresponds, in particular, to the recombination of the electron with wave vector k parallel to ͓011͔ direction. As far as the HPL polarization characteristics are determined by the function ␣(k), they can be obtained at the spectra maximum by evaluating the matrix elements of optical transitions for all equivalent ͗011͘ directions only. ͑B͒ The dependence of the linear polarization degree on the excitation energy and acceptor binding energy is determined by the function ␤ 0 which characterizes the difference between the relative contribution of the heavy-and light-hole subband states to the acceptor wave function. At high excitation energies, when the contribution of the light-hole states is negligible, the values of linear polarization degree are independent of the excitation energy and the acceptor binding energy. For lower energies admixture of the light-hole states leads to a decrease of the linear polarization degree. ͑C͒ The anisotropy of linear polarization degree is determined solely by valence band warping and contains no information about the anisotropy of the acceptor distribution functions. In the framework of the present model its value does not depend on excitation energy. However, such a dependence occurs due to an additional mechanism of spectra broadening and the effect of the spin-orbit split-off band.
͑4͒ Quantitative characteristics of the HPL in p-GaAs crystals calculated in the framework of the present model are shown to be in good agreement with the available experimental data ͑Refs. 4-6,8͒.
